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INTRODUCTION
Aspects of prey population structure (size frequency, sex ratio, microhabitat distribution, and so on) sometimes reflect predator foraging characteristics. Examples involving both carnivory and herbivory can be drawn from a varied array of habitats. Thus, Blue Tits (Parus caeruleus) alter the size structure, sex ratio, or microhabitat use of codling moths (Cydia pomonella) by preying disproportionately on unconcealed larvae (Glen et al. 1981) . Leopard seals (Hydruga leptonyx) wait at the edge of Addfie Penguin (Pygoscelis adeliae) rookeries thereby reducing the proportion of inexperienced females, which must risk more foraging excursions to feed their young (Ainley and DeMaster 1980) . Predispersal seed predation by insects limits fecundity and subsequent recruitment of sunflowers (Haplopappus squarossus) in the lower part of their altitudinal range (Louda 1982 ; other examples: Brooks and Dodson 1965 , Macan 1965 , Parker 1985 .
In many instances, the changes in prey populations coincide with changes in the foraging activities of one or a few similar predators along physical gradients (e.g., Ballinger 1979, Ainley and DeMaster 1980, Louda 1982 , Miller et al. 1982 . This is strikingly evident in I Manuscript received 9 May 1986; revised 21 November 1986; accepted 25 November 1986. the donation of mussels and barnacles on rocky shores of the Pacific Northwest (Paine 1966 , Connell 1970 , Dayton 1971 ). The predators, sea stars and whelks, do not forage while exposed, and while submerged, they move slowly and require long prey-handling times. Consequently, the prey accumulate as dense beds above the shore level at which submergence intervals become too short to allow effective predation (e.g., Connell 1970 , Paine 1974 . These predators are the most conspicuous carnivores on open temperate shores, and the upper shore is considered a spatial refuge from predation (Paine 1966 , Connell 1970 , 1975 . Generalizing from this relationship, Connell (1975) proposes that predators are ineffectual in physically harsh portions of their prey's range.
However, rocky shore communities vary, and the complete predator fauna of temperate shores is a diverse assemblage displaying varied foraging adaptations. Terrestrial taxa radiating into marine environments, e.g., birds (Frank 1982 , Marsh 1986 ) and insects (Robles and Cubit 1981) , or species from marine taxa adapted to exposure, e.g., grapsid crabs (Robles 1982) , forage during low tides and may increase their effectiveness at higher shore levels. Some large marine predators (e.g., fish, octopus, and large crabs) move rapidly with rising tides to the highest reaches of their prey's distributions and may require only moments to con- Bare rock 1.4 (2.5) 9.1 (13.7) 0.5 (1.1) 10.5 (6.6) 61.6 (26.9) * Groups of 10 645-cm2 quadrats were randomly placed at each of seven uniformly spaced tidal levels. I investigated the relationship between predator foraging characteristics and prey population structure on a sheltered, warm temperate shore (climatic provinces after Hall 1964). Despite continuous recruitment of small mussels, the shore had no mussel beds, and upper shore levels supported zones of perennial algae. Observation of the shore using scuba at high tide revealed that resident populations of whelks were joined by an assemblage of transient predators, including fishes and spiny lobsters. An enclosure experiment was done to determine whether transient predators prevented the establishment of mussel beds on upper shore levels. Intertidal foraging by spiny lobsters is notable since heretofore their role as predators has been studied only in subtidal communities (e.g., Pollock 1979 , Griffiths and Seiderer 1980 , Tegner 1980 ).
MATERIALS AND METHODS
The study site was a north-facing breccia wall in Big Fisherman Cove, a sheltered inlet on the leeward side of Santa Catalina Island (33025' N, 118030' W). The island lies in the warm Southern California Counter Current. Mean monthly surface temperatures range from 1 4'C in January to 20.50 in September. The shore at this site is protected from prevailing ground swell by the mainland across the Los Angeles channel to the north, the western end of the island, and by a subtidal reef before the opening of the cove itself. The waters remain calm most of the time; but waves strike the shore during northwesterly winter storms, when large swells overtop the protecting reef.
The conspicuous zonation is composed of perennial macrophytes. In descending order of shore level the zones are: (1) fucoid algae, a narrow band of Hesperophycus harveyanus followed by a broad band of Pelvetiafastigiata; (2) a dense turf of erect coralline algae, Corallina officinalis v. chilensis, and seasonally, Gigartina canaliculata, Laurencia pacifica, Colpomenia sinuosa, and Sargassum spp.; and (3) in the low intertidal zone, beds of Eisenia arborea and Ha/idrys dioeca. The coralline turf extends upwards as understory in the lower half of the Pelvetia zone. A summary of the dominant covers of the cove appears in Table 1 .
Invertebrates are found in the understory. These include three species of mussels, Mytilus edulis, M. californianus, and Septifer bifurcatus; acorn barnacles, Tetraclita squamosa and Chthamalusfissus, under the Hesperophycus and Pelvetia; rock oysters, Pseudochama exogyra; and sessile gastropods, Aletes squamigerus, under the coralline turf and kelps of the low intertidal zone.
Shores of the cove also support a diverse assemblage of consumers. Of these, herbivorous fishes that might consume small mussels while grazing, other fishes with shell-crushing dentition, whelks, octopus, shore crabs, and lobsters could potentially influence mussel population structure (Table 2 ). The whelks and shore crabs are restricted to the intertidal zone. The fishes and lobsters move in with flood tides to forage in intertidal Seasonal differences in the times of spring (extreme) tides determine the seasonal exposure of higher shore levels to the transient predators and to harsh physical conditions. The semidiumal tides reach an extreme amplitude of 2.8 m. In spring and summer (April to September) extreme lows occur in the early morning, the extreme highs in the evening. In fall and winter (October to March) extreme lows occur from midday to afternoon, extreme highs in the early daylight hours. Consequently, diurnal fishes (Table 2) have greatest access to upper intertidal areas in fall and winter, and during the prolonged twilight of summer. Nocturnal foragers, lobsters and homed sharks, have greatest access to upper regions in spring and summer. The fall is thought to be a period of physical stress because extreme afternoon lows often coincide with bright sun and dry winds (e.g., Seapy and Littler 1982) . Much of the coralline turf is bleached white at this time, apparently in response to these drying conditions. Ephemeral algal blooms and growth of perennials are conspicuous in spring and summer (C. Robles, personal observation).
Observational methods
Description of mussel population structure. -I used a stratified random sample grid to measure the vertical distribution and size frequency of the mussels. Six 10-m transects were arranged parallel to the water's edge at 30-cm increments up the shore. Five 230-cm2 quadrats were spaced at random intervals along each transect and all sessile life within the quadrats was collected using a hammer and chisel. In the laboratory, mussels were sorted microscopically, identified, and their lengths were measured (? 1 mm). This procedure provided densities and size frequency distributions that included even newly settled mussels. Since immediate postsettlement mortality was not determined, it cannot be said that rates of actual settlement were measured. However, extrapolating from subsequent growth, the smallest mussels were surely less than a month past settlement. Two surveys were conducted, one in August 1980 and one in January 1983.
Description of predator foraging. -Since cages potentially exclude many species, correct interpretation of the results of exclosure experiments depends on quantitative descriptions of the entire predator fauna. Surveys were done to determine (1) which of the many consumers in the cove were mussel predators and (2) which of those, if any, regularly foraged on upper shore levels.
The apparent diets of whelks were estimated by gently prying them from the substrate and identifying damaged prey. The frequencies of prey items were scored as a percentage of the total number of feeding whelks. Six diet surveys were completed at various seasons.
Fish were collected for gut-content analysis during daytime high tides using gill nets, hook and line, or pole spear. The former were multimesh monofilament nets hung to sink. They were laid with the lead line along the lower margin of the HalidryslEisenia zone, the lower limit of the intertidal zone. I spent 30 h fishing from rocks above shore. The bait, abalone and squid, was cast onto the level of the coralline turf, and the water was usually clear enough to observe the strikes. Using scuba, I also speared fish foraging at midshore levels. Specimens were immediately preserved in formalin. Collecting trips were made repeatedly during all seasons. In the laboratory, the diet of each fish was scored as the frequency and volume of recognizable fragments in the stomach. For species lacking a distinct stomach (herbivorous species and the Labridae), the anterior third of the gut was used.
Shore crabs with carapace widths > 1.8 cm were collected for gut-content analysis on two evenings, one in early spring and the other in late summer. Lobsters were collected from the intertidal zone using scuba during evening high tides. The crabs and the lobsters (minus their tails) were preserved immediately after collection in formalin. Prey frequency and volume data were recorded for the contents of the cardiac stomach.
The abundances and vertical distribution offoraging predators. -Whelks were counted in 9 30-cm2 quadrats arranged contiguously in five transects of 50 quadrats each. The inclination of the shore was gradual enough to allow the transects to be "stacked" up the shore parallel to the water's edge at 15-cm increments without overlapping. These counts were done on two summer and two winter low tides. Vertical limits to whelk foraging were also checked while walking at low tide and snorkeling at high tide.
The relative abundances of diurnal fish were estimated from visual surveys made while swimming along underwater transects during daytime high tides. Each survey consisted of three 20-m transects laid end to end parallel to the shore. Swimming steadily and looking ahead, divers estimated the numbers of fish according to a logarithmic scale of abundance (I = 1-2, II = 3-4, III = 5-8, . . . VI = >32). This scale seemed to match our ability to distinguish rapidly the numbers of fish, i.e., the differences between groups of 8 and 16 fish seemed as easy to perceive as between 2 and 4 fish. A separate numerical tally of sheephead (Semicossyphus pulcher) was kept because these large distinctive fish were few, but potentially important. Fish less than -5 cm were not counted. Visibility in Catalina waters is generally good, and fish disturbed by our approach could usually be identified before they swam away from shore. Thirty surveys of fish abundance were done between October 1982 and March 1984.
As the surveys of the fishes continued, attention was focused on the labrids, rock wrasse (Halichoeres semisinctus) and sheephead (Semicossyphus pulcher). Divers partially concealed themselves in a bed of the southern palm kelp Eisenia arborea growing in the low intertidal zone and recorded the numbers of fishes foraging at different shore levels. At other times the divers moved slowly into the transects and recorded the activity of fishes before they startled. The labrids are "visual pickers," and their orientation to specific shore levels was usually easy to discern. Eleven of these "orientation surveys" were made.
Surveys of the vertical distribution of foraging lobsters were made by swimming underwater transects during evening high tides. Each survey consisted of six 1 0-m transects aligned end to end parallel to the shore. Since the algal zonation was regular and distinct, the average width of each band of algae could be used to divide the transects into strata of known areas, from which densities were estimated.
To record seasonal changes in vertical distribution, counts were made within 1 h of evening spring (extreme) high waters at least once a month from August 1981 to June 1984. Lobster movements were also observed at hours other than the predicted maximum tide and on evenings of neap high water (moderate high tides). Although lobsters fled if illuminated for more than a few seconds, I doubt that diver presence affected the censuses. Only lobsters that were approached directly and spotlighted showed a quick response, and recensusing an hour after an initial count often revealed a similar number of foraging animals.
Experimental methods
Large predators were excluded by cages constructed with large mesh sizes that readily admitted light and water. Hardware cloth with square openings of 2.5 cm (89% open area) was fashioned into dome-shaped cages -20 cm high and 35 cm long. The open mesh allowed the usual fall bleaching of perennial algae in treatment plots. In addition, small or narrow predators (small fish, octopus, small crabs) easily passed through the wire. Consequently, any increase in the mussels would happen in spite of mortality from these predators. This was a conservative test of the effect of large predators, rather than a precise assay of total predation.
To control for cage effects, I also made open-ended, arch-shaped cages 24 cm high and 40 cm long. On lower shore levels, lobsters and fish fed in the arches (C. Robles, personal observation), but they were not attracted to these installations. I recorded the percent cover of algae to describe changes in their relative abundance, and as a possible indicator of altered physical conditions produced by the wire mesh. Differences in algal species composition and percent of bleaching among the plots were compared using photographic quadrats taken on infrared-sensitive and standard color transparency film. Point sample estimates of percent cover were obtained by projecting the slides onto screens marked with randomly placed dots.
Closed cages and arches were coated with an aquarium-grade epoxy, and fastened to the sandstone shore with concrete nails. A single replicate in the enclosure experiments consisted of a group of three plots, one covered by a closed cage, one covered by an arch, and an open plot. At the end of an experiment the cages were pried up, and photographic quadrats made. In addition to the possible changes in algal cover, the quadrats were analyzed for changes in the percent cover of mussels. After photography, 230-cm2 samples were scraped from each plot. In the laboratory, the mussels, limpets, and chitons were microscopically sorted from the samples and were measured.
Three replicates were installed in the Pelvetia zone, ~0.9 m above mean lower low water (MLLW). Survey data indicated that this was above the foraging range of the whelks and near the midpoint of the vertical range of the mussels. The Pelvetia cover was somewhat patchy. To balance possible effects of limiting factors associated with algal canopy, plots within each replicate were grouped together along the level line so that their algal covers appeared the same. The cover of Pelvetia varied among the replicates from 30 to 90%, matching the natural variation in the canopy. There was ample room within the enclosures for this small fucales. Photographic quadrats were taken with the overstory pulled aside.
Comparison of photographic quadrats made at the beginning of the experiment showed no visible percent coverage of mussels and no significant differences in the cover of understory turf among the three experimental conditions (Kruskal-Wallis, H = 0.58, P > .05). The experiment ran from November 1981 to November 1982, when storm swells damaged one of the replicates. One of the remaining replicates was followed an additional 6 mo.
RESULTS
Mussel population structure. -Mussels in the cove were numerous and the vertical distributions of three species overlapped (Table 3) with maximum densities at -0.6 m above MLLW. Septifer was most abundant over a broader tidal range than Mytilus spp. (Table  3) . Mean lengths of all three species were usually < 1 cm and increased only slightly with shore level (Table  4) Predator diets. -Some consumers in the cove seldom ate intertidal mussels. Harger (1972) reports that the shore crabs (Pachygrapsus crassipes) consume small Mytilus spp. However, mussels appeared to be only a small part of the diet of the shore crabs in the cove (Table 5) . Furthermore, possible differences among experimental plots cannot be attributed to the crabs. Crabs foraged inside and outside of the cages and did not appear to congregate in them.
Examination of octopus middens in the cove revealed no mussel shells, even though octopus are known to eat mussels at other sites (R. Ambrose, personal communication). Octopus were observed in only 3 of 87 censuses run during high tides at all hours. They were also capable of passing through the exclosure mesh.
The guts of horned sharks (Heterodontusfrancisci), black perch (Embiotoca jacksoni), and garibaldi (Hypsypops rubicundus) contained no mussels. The guts of opaleye (Girella nigricans) contained only traces of mussels (Table 5) .
Five species ate appreciable amounts of intertidal mussels: the whelks Ceratostomna nuttali and Maxwellia gemma; the labrids Halichoeres semisinctus and Semicossyphus pulcher; and spiny lobster Panulirus interruptus. Both species of whelk were found to consume mussels, but Mytilus spp. constituted only a small proportion of their apparent diets. Only a fraction of either whelk population fed during the low-tide observations. Differences in prey-handling times and the whelks' activity during submergence could bias these apparent diets (e.g., Peterson and Bradley 1 9 7 8, Fairweather and Underwood 1983).
The guts of labrids that foraged intertidally included a variety of invertebrate prey, in which mussels were prominent, but not the most common items (Table 5) . Septifer was consumed more frequently than Mytilus spp. (Table 5) . Although Septifer appears to be better defended than Mytilus spp. (see Experimental Results, below), the labrids foraged at shore levels where it was much more abundant than Mytilus. This may explain the relatively high frequency of Septifer in the labrids' diets.
Unlike the other consumers, lobsters appeared to specialize on mussels. Mussels in both genera were found to be by far the most common item in the cardiac stomach of foraging lobsters, and they were the only predator found to consume Mytilus spp. frequently (Table 5) .
Spiny lobster (Winget 1968 ), other temperate Labridae (Choa 1973) , and perch (Ward 1983) clear their guts within 12 h after feeding on mussels and barnacles. Since the prey occur only intertidally and the predators remain inactive for a portion of the day, the gut contents of the Big Fisherman Cove specimens were probably consumed after submergence of the intertidal foraging grounds. The volume of mussel shell fragments recorded from the guts of lobsters and Labridae sug- gests that transient predators kill many small mussels in a single foraging bout, and that on average a lobster kills more Mytilus spp. than does a labrid (Table 5) .
In the laboratory, small (<2.0 cm long) M. californianus were presented ad libitum to 10 starved lobsters ranging from 6 to 10 cm carapace length. Lobsters required < 1.5 min on average to consume individual mussels, prey-handling times much shorter than the 2 h to 2 d required by whelks (e.g., Seed 1 969b, Luckens 1970, Menge 1983; C. Robles, personal observations of labeled whelks in the cove).
Lobsters and labrids also ate herbivorous invertebrates. Listed in decreasing frequency these included crabs, Pachygrapsus crassipes; limpets, Collisella limatula and C. scabra; keyhole limpets, Diodora aspera and Fissurella volcano; and chitons, Mopalia muscosa and Nuttallina californica (Table 5) .
Vertical distribution of foraging predators. -Predation by whelks was confined to the coralline turf. Maximum densities of 10.8 Ceratostoma/m2 and 7.1 Maxwellia/iM2 were recorded at 0. 15 m above MLLW (Table  6) . Whelks above this level were usually found in crevices, from which they foraged during high tide. On one sample date during the unusually stormy winter of 1982-1983, a few whelks were found above 0.6 m MLLW. However, repeated observations indicated that such an excursion was rare.
Diurnal fish are common intertidal predators at this site. Sheephead were present in 30% of the transects, but were never more abundant than 3-4 per transect. Estimating from the separate numerical count, the mean density of sheephead on the coralline turf was 0.01 1 individuals/.
Rock wrasse were more abundant; at least a few fish foraged on 70% of the transects, and 5 or more foraged on 20%.
The actual population sizes of fishes foraging intertidally were larger than indicated by these estimates, since some fish returned to subtidal depths and were replaced by others during the course of a high tide. Subtidal observations of labrids made concurrently with the intertidal swimming transects suggested that onehalf to one-third of the labrid population fed intertidally at any moment during high tide.
Foraging by labrids rarely extended into the Pelvetia zone. Of 109 adult rock wrasse recorded in 11 "orientation surveys," none were observed to forage above 0.7 m MLLW, the lower edge of the Pelvetia bed. Only 2 of 30 sheephead were observed to forage above this level. The coralline turf and upper level of the experiment were only 2-3 m apart. Presumably, the labrids preferred to feed on the turf because the prey were not hidden by a bushy algal canopy.
Lobsters were found to be more wide ranging, and considering their size, surprisingly numerous. Maximum mean nightly densities of 0.08 lobsters/m2 were observed in the spring/summer period (Table 7) . Densities were sometimes higher on individual nights, e.g., recording for six 1 0-m transects averaged 0. 11 lobsters/ me on occasions in summer and early fall. The lobsters were sometimes observed to forage in groups of 10 or more individuals. On most nights, highest densities occurred within the lower third of the Pelvetia zone (0.6-0.9 m above MLLW), where the abundance of Mytilus spp. was greatest. Some foraging took place as high as 1.8 m above MLLW. Noting the size structure of groups and color variation of individuals, I observed that the intertidal portion of the lobster population "turned over" as did that of the labrids, but I was not able to estimate the relative size of the subtidal portion of the population.
Though seasonally variable, intertidal foraging by lobsters occurred throughout the year. Mean densities for the fall/winter period were less than half of those of spring/summer (Table 7) . The upper limit of lobster foraging was also lower in fall/winter. At this time of year, evening tides seldom reached above the zone of Pelvetia. During neap tides the lobsters continued to forage in the intertidal zone. Since lobsters did not forage above the water level, cumulative predation probably decreased with increasing shore level. However, estimating from predicted tidal curves, the upper limit of the Mytilus distribution (1.2 m) was submerged Since less than half of the area under each cage was scraped in the sampling, the remaining mussels in one replicate were observed an additional 6 mo. At this time, individuals of both Mytilus species exceeded 3.5 cm in length, but all mussels remained small in the controls. Intertidal M. edulis seldom attain lengths over 7 cm (Seed 1976 , C. Robles, personal observation). Therefore, individuals of this species grew to perhaps half their maximum size in <2 yr.
The two genera differed in the degree of response to predator removals. Significant increases in the densities of Mytilus spp. ranged between 3 and 17 times as many; Septifer increased by less than half (Table 8) Spiny lobsters locate their prey by touch, tapping the turf with tufts of sensory bristles on the anterior appendages while their dorsally inserted eyestalks are directed upwards (Zimmer-Faust and Case 1983). The size and epifaunal habit of the Mytilus species, characteristics partly responsible for their ability to form dominant zones elsewhere, were liabilities in the presence of such a predator. Mussels protruding above the turf were quickly removed. M. californianus gain some resistance to shell-crushing predators as they grow to larger sizes and their shells get thicker (Harger 1967 , Sweetnam 1986 ; C. Robles, personal observation). However, the intensity of predation in the cove evidently allowed very few individuals to attain even moderate lengths. Only Septifer was naturally Physical stress did not appear to limit the mussels. Nonsignificant differences in the percentage of bleaching or the cover of fleshy algae between the two control groups could be attributed to a slight cage effect on physical conditions, disruption of foraging of herbivorous fishes (Girella was the most abundant fish on the shore), or to chance factors. Declines in mussel abundances observed in the controls and on the remainder of the shore happened in May through July, when extreme low tides occurred before sunrise and dry winds did not occur. Seasonally variable physical stresses appeared to be least severe at this time. The declines in mussel abundances did coincide with the seasonal increase in intertidal lobster densities (Table 7) , which was associated with a shoreward migration of at least a portion of the adult lobster population (Mitchell et al. 1969 ; C. Robles, personal observation).
Grazing molluscs were also affected by lobster removal. Combined average densities of limpets (Collisella limatula and C. scabra) >0.5 cm long for open, arch, and cage plots were 0.7, 0.0, and 2.3 limpets/230 cm', respectively (ANOVA, P = .01). Average densities of chitons (Mopalia muscosa and Nuttalina californica) >0.5 cm long for open, arch, and cage plots were 1.2, 0.7, and 6.3/230 cm2, respectively (ANOVA, P = .05). Like the mussels, limpets and chitons recruited continuously, but outside of the predator enclosures never attained large sizes (C. Robles, personal observation).
Mytilus spp. in caged plots encroached upon the cover of understory algae ( Table 9 ). The exclosure plot that was followed an additional 6 mo developed nearly 100% primary cover of Mytilus spp. Therefore, on the upper shore, spiny lobsters prevented the establishment of mussel beds in the understory and possibly maintained the algal zones by removing both herbivores and potential competitors. However, the shortterm experiment did not cause a change in the Pelvetia canopy.
DISCUSSION
Predator foraging characteristics and prey population structure
In shore communities where sea stars and whelks are dominant predators, carnivory is thought to be ineffectual at upper tidal levels because the predators are intolerant of exposure and minimum foraging times are long relative to submergence times. In Big Fisherman Cove, whelks similarly may influence mussel populations only on mid to lower shore levels (C. Robles, personal observations), but the extension of predator effects into upper shore levels results from the addition of predators with different foraging characteristics.
Upshore travel and prey-handling times of the lobsters were brief compared with submergence times at the upper limit of mussel recruitment. Lobsters moved throughout the vertical range of the mussels and concentrated their activities in areas of greater prey density, killing the young of the epifaunal species with such rapidity that few reached maturity, while cryptic prey suffered much less. In these respects, they resemble forest birds or freshwater fishes more than sedentary marine predators. For example, woodpeckers aggregate at infestations of bark beetles (Knight 1958 , Koplin 1972 ) and may limit local populations (Otovos 1979) . Blue Tits (Parus sp.) forage longer in areas of higher prey density, and in some instances kill disproportionately more large insect larvae, which are unable to secrete themselves in crevices in the bark (Solom and Glen 1979, Glen et al. 1981). 
Predation in harsh environments
The proposition (Connell 1975 
